The importance of gene gain through duplication has long been appreciated. In contrast, the importance of gene loss has only recently attracted attention. Indeed, studies in organisms ranging from plants to worms and humans suggest that duplication of some genes might be better tolerated than that of others. Here we have undertaken a large-scale study to investigate the existence of duplication-resistant genes in the sequenced genomes of 20 flowering plants. We demonstrate that there is a large set of genes that is convergently restored to single-copy status following multiple genome-wide and smaller scale duplication events. We rule out the possibility that such a pattern could be explained by random gene loss only and therefore propose that there is selection pressure to preserve such genes as singletons. This is further substantiated by the observation that angiosperm single-copy genes do not comprise a random fraction of the genome, but instead are often involved in essential housekeeping functions that are highly conserved across all eukaryotes. Furthermore, singlecopy genes are generally expressed more highly and in more tissues than non-single-copy genes, and they exhibit higher sequence conservation. Finally, we propose different hypotheses to explain their resistance against duplication.
evolution | gene duplication | polyploidy F ollowing Ohno (1) , gene duplication has been repeatedly reported to play an important role in evolution. For instance, mechanisms such as sub-or neofunctionalization underlie the evolution of many novel gene functions. Conversely, gene duplication can also be strongly deleterious (2, 3) and has been associated with diseases such as Parkinson (4) and cancer (5) . The full complement of genes for which duplication is not tolerated, to the extreme that some genes occur as one single copy in any genome, is currently unknown. Such a set of genes might, however, reveal whether general evolutionary and functional characteristics could explain the deleterious effects of their duplication. Obtaining such genes from individual genomes is problematic due to the difficulty of discerning neutral from selective gene loss. Therefore, pioneering studies in identifying single-copy genes have used comparative genomics approaches across large evolutionary time scales. For instance, Paterson et al. (6) identified a set of genes present in Arabidopsis thaliana, Oryza sativa, Saccharomyces cerevisiae, and Tetraodon that were convergently restored to singlecopy status following independent whole-genome duplication (WGD) events in each of these four organisms. Based on this observation, these authors argued that there was strong selection pressure to preserve these genes as singletons and they coined them as "duplication-resistant" genes. Single-copy genes were also observed in a comparative study of four angiosperm species (7) , in a comparative analysis spanning seven eukaryotic genomes (8) , and in a study covering 40 vertebrates, 23 arthropods, and 32 fungal genomes (9) .
With the exception of refs. 9 and 8, most studies cited above were based on only a few genomes, thus restricting the statistical power of the observations made. Therefore, it is not clear whether the presence of single-copy genes is the outcome of selection or whether stochastic processes of gene loss dynamics can explain the presence of shared sets of single-copy genes. To assess selection against retention of certain gene duplicates and to study the relationship between gene duplicability and gene function, it is necessary to study a large number of genomes. The angiosperm lineage is especially well-suited to study duplication resistance because all angiosperm genes have repeatedly undergone duplication through multiple shared and independent WGD events (10, 11) . Moreover, these WGDs have occurred over different time scales, with ancient events dating back to the origin of the seed and flowering plants (12) , the monocots (13) , and the (core) eudicots (14) , whereas other WGDs have occurred more recently in many independent plant lineages (10, 15) . In addition to WGDs, single gene duplications in angiosperms are also prevalent and have played a considerable role in shaping plant genomes (16, 17) . For instance, the estimated rate of single gene duplications lies between 300 and 500 genes per 10 million years (18, 19) . As the angiosperm lineage spans ∼150-200 million years of evolution, we expect there to be a high recurrence of gene duplication by both large-and small-scale duplication (SSD) events, which enables investigating the existence of selection for gene loss (in case of WGD) or selection against fixation of duplicates (in case of SSD).
Here, we take advantage of the increasing number of available sequenced angiosperm genomes to identify single-copy genes at high resolution. In particular, we identified single-copy genes in 20 sequenced angiosperm genomes, comprising six monocots and 14 eudicots and spanning multiple shared and independent WGD events ( Fig. 1) . We describe the functional and evolutionary characteristics of these genes and provide hypotheses to explain their single-copy status.
Results
Identification of Single-Copy Genes. To identify genes that are single copy in a large number of angiosperm genomes, we used the orthologous groups (OGs), predicted by the OrthoMCL method (20) , from the PLAZA 2.5 database (21) . These OGs span 17 angiosperm genomes and were augmented with the recently published genomes of Solanum lycopersicum (tomato), Brassica rapa (Chinese cabbage), and Musa acuminata (banana), to independently verify single-copy status (SI Appendix, section SI1 and Fig. S1 ). Of these, the former two both underwent a hexapolyploidization event (22, 23) , whereas banana probably underwent three rounds of WGD (24) . None of these events have been shared with any of the species in the PLAZA database. In To whom correspondence may be addressed. E-mail: yves.vandepeer@psb.vib-ugent.be or mamon@psb.vib-ugent.be.
total, for all further analyses, we considered 9,513 OGs that represent gene evolution dating back to the common ancestor of the 17 angiosperm genomes in PLAZA. Single-copy genes sensu stricto are defined as genes that are conserved in all angiosperm genomes and with a one-to-one orthology relationship in these genomes; that is, they have remained single-copy since the angiosperm common ancestor or have consistently been restored to single-copy status following duplication. To accommodate potential problems with genome annotation and the presence of recent duplicates, alleles, or pseudogenes, we slightly relaxed these criteria and defined single-copy OGs as the OGs that are present in all angiosperm genomes, yet tolerating missing copies in up to two species and allowing for duplicates in up to three species. OGs that are truly single copy for all species are further referred to as "strictly single-copy" OGs, whereas OGs with duplicates for one up to three species are referred to as "mostly single-copy" OGs. In total, 392 OGs are strictly single copy and 3,488 OGs are mostly single copy.
Although OrthoMCL performs reasonably well to predict OGs in different benchmark studies (25, 26) , it also has some drawbacks that can lead to misinterpretation of the data (27) . In addition, the outcome might be susceptible to the choice of the inflation parameter, which controls the size of the OGs. Therefore, we developed a phylogenetic approach (SI Appendix, section SI2 and Fig. S3 ) to validate the single-copy status of the obtained OGs. In particular, OGs were expanded with mutual best BLAST hits followed by a construction of the corresponding gene tree to assess whether the additional genes might represent missed inparalogs. Using this approach, the single-copy status of 2,840 (2,663 mostly single-copy + 177 strictly single-copy) of the 3,880 initially observed (strictly and mostly) single-copy OGs could be confirmed.
The majority of the "mostly single-copy" OGs shows a species bias for the presence of extra copies: they have extra (inparalog) duplicates for soybean (Glycine max), poplar (Populus trichocarpa), and apple (Malus domestica) (SI Appendix, Fig. S6 ). Indeed, of the 2,663 mostly single-copy OGs, there are only 621 OGs that have duplicates for species other than soybean, poplar, and apple. The presence of extra copies in soybean is not surprising given that this species underwent a relatively recent polyploidization event ∼13 million years ago (mya), and the genome is still highly duplicated ( Fig. 1 ) (28). The high incidence of duplicates in apple and poplar might be explained by slower rates of evolution in these species, with many duplicates still on the route to pseudogenization following independent genome duplications that occurred ∼65 mya ( Fig. 1 ) (29) (30) (31) . Alternatively, the high frequency of duplicates for the apple genome could be partially explained by misclassification of alleles as duplicates (30) . These observations further motivate the inclusion of OGs with duplicates for a limited number of species (mostly single-copy OGs) into our set of "single-copy groups." It should be noted that from now on, when using the term "single-copy genes," we actually refer to the joint set of "strictly" and "mostly" single-copy OGs.
Number of Identified Single-Copy OGs Exceeds Random Expectation.
Considering the large number of duplication events that have occurred within the angiosperm lineage, it seems surprising that there exists a large set of genes that have consistently been restored to single-copy status in all species. A potential explanation for this observation is that duplication is deleterious for this particular set of genes and hence is selected against. Alternatively, single-copy OGs might arise through the effects of random duplicate loss in different lineages. To distinguish between these possibilities, we performed simulations of gene evolution to estimate the probability that the observed number of single-copy OGs might have arisen by chance (SI Appendix, section SI3). In particular, we used parsimony-based gene-tree species-tree reconciliation (32) to obtain estimates of net duplications, losses, and unchanged copy numbers (including cases in which genes are first duplicated and then lost on the same branch) that occur along each branch of the angiosperm species tree. Next, copy-number changes of a single ancestral angiosperm gene along this tree were simulated (i.e., genes were duplicated/lost/kept unchanged according to the numbers predicted for each branch) under the assumption that the duplication/loss dynamics of the gene family along the separate branches of the tree are independent, reflecting a scenario in which OG sizes are randomly assorted. The outcome of this simulation strongly supports a pattern of convergent gene loss, with the number of observed single-copy OGs significantly exceeding the expectation under a scenario of independent gene duplication/loss across lineages (P < 0.00001, based on 100,000 simulations) (SI Appendix, section SI3 and Fig. S4 ). Characterization of Single-Copy OGs. Because the number of singlecopy OGs greatly exceeds random expectation (SI Appendix, Fig. S4 ), we hypothesize that there is a selective force that works to restore duplicated genes to single-copy status in these OGs. To investigate the factors that may underlie the duplication resilience of single-copy OGs, we investigated their functional and evolutionary characteristics. Functional bias. First, we assessed enrichment of single-copy OGs for certain Gene Ontology (GO) categories (33) . Because A. thaliana is the best annotated of all angiosperm genomes, we restricted this and further analyses to the A. thaliana genes within the single-copy OGs (see Dataset S1). Of the 2,986 A. thaliana genes in the single-copy OGs, 2,313 had a GO annotation.
Functional enrichment analysis reveals that single-copy genes are biased toward conserved processes such as DNA repair, recombination, and DNA damage response and also to organellerelated functions such as photosynthesis, whereas genes involved in regulation of transcription and phosphorylation are underrepresented (Table 1 ; see SI Appendix for a full list of significant GO terms). Because single-copy genes are by definition conserved across the 20 profiled species (see above), we assessed whether functional overrepresentation is specifically linked to single-copy status rather than phylogenetic conservation. Therefore, we also calculated the functional enrichment of single-copy genes relative to the set of A. thaliana genes that are conserved across angiosperms (i.e., all genes in the 9,513 OGs considered, both single copy as non-single copy), rather than all A. thaliana genes. This analysis yielded similar results, suggesting that overrepresentation is not only due to conservation but is specifically related to single-copy status (SI Appendix, Table S1 ).
We also assessed whether genes that are strictly single copy show a different functional enrichment pattern than the mostly single-copy genes. Strictly single-copy genes are also enriched for functions related to DNA damage and repair, but not photosynthesis (SI Appendix, Table S2 ). This might indicate that duplicates of genes involved in the former processes are more resistant against SSD and/or removed faster after large-scale duplication events. However, in each of the significant categories, the absolute numbers increase when taking into account the mostly single-copy families, suggesting that even for these categories duplication resistance is not absolute and/or duplicate loss is not instantaneous.
We observed that single-copy genes, except for the ones involved in chloroplast functions, are in general well-conserved in metazoans (i.e., they are not specific to the plant lineage) (SI Appendix, section SI4 and Table S3 ). This observation, combined with the GO enrichment results, suggests that many single-copy genes are involved in core cellular processes. To further test this hypothesis, we assessed the dispensability of single-copy genes in (35, 36) , but was mainly focused on the relationship between duplicate retention and gene expression, and it remains unknown whether duplication-resistant genes show similar biases. Therefore, we analyzed expression levels of singlecopy genes in an A. thaliana expression compendium, which contains expression measurements for 20,777 genes in 425 different conditions, representing different plant organs and developmental time points (37) (Fig.  2) . Since photosynthesis genes are generally highly expressed (38), we removed genes belonging to this functional category and reassessed absolute gene expression levels for single-copy and non-single-copy genes to make sure that the observations are not due to the overrepresentation of photosynthesis genes in our single-copy OGs (SI Appendix, Fig. S7 ) (P < 2.2e-16, one-sided Mann-Whitney U test). A possible explanation for the on average higher expression levels of single-copy genes could be that potential high needs for certain proteins cannot be provided through duplication because duplication would be disadvantageous (Discussion).
We also assessed the expression breadth of the genes over 16 organs (SI Appendix, section SI4). We observed a higher expression breadth for single-copy genes compared with non-singlecopy genes (P = 3.681e-15, one-sided Mann-Whitney U test), which is consistent with the observation that many single-copy genes seem to be involved in housekeeping functions. A separate analysis for strictly single-copy genes gave borderline significant results for gene expression breadth and no significant distinction for the gene expression level comparison (SI Appendix, Table  S4 ). The limited sample size of the set of strictly single-copy genes (177 genes), however, complicates the identification of significant patterns. Sequence conservation. Similar to gene expression level, sequence conservation has previously been associated with gene duplicability (9, 39) . We estimated sequence conservation of the singlecopy genes by calculating the number of synonymous substitutions per synonymous site (K s ) and the number of nonsynonymous substitutions per nonsynonymous site (K a ) between strictly one-to- one orthologs in A. thaliana and Arabidopsis lyrata. Upon comparison of the K a and K s distributions of single-copy genes versus non-single-copy genes (also here strictly one-to-one orthologs were used), we observed that both K s (P < 2.2e-16, one-sided Mann-Whitney U test) and K a (P < 2.2e-16, one-sided MannWhitney U test) values were significantly lower for the single-copy genes (Fig. 3) . Hence, while synonymous substitutions seem to be mainly neutral in non-single-copy genes, they are, to some extent, selected against in single-copy genes. In accordance with this, we find that codon use, as assessed by the Codon Adaptation Index (40) , is more biased in single-copy genes than in non-single-copy genes (P = 1.33e-14, one-sided Mann-Whitney U test) (SI Appendix, Fig. S8 ). Because single-copy genes are also often highly expressed, the skewed codon bias observed for these genes could be explained by the "translational accuracy" hypothesis (41, 42) , which states that codons are adapted to reduce mistranslation costs that are potentially higher for highly expressed genes. We also observe increased purifying selection for the single-copy genes versus non-single-copy genes at the level of nonsynonymous substitutions; that is, there seems to be a higher selection pressure for single-copy genes to both maintain their function (lower K a ) and high expression levels (lower K s ). When analyzed separately, strictly single-copy genes also have significantly lower K a -and K s -values than non-single-copy genes (SI Appendix, Table S4 ).
Discussion
By comparing 20 sequenced angiosperm genomes, we show that, despite the large number of SSD and large-scale duplication events that have taken place, there exists a set of genes that has been repeatedly restored to single-copy status. Because the observed number of single-copy families greatly exceeds what can be expected from random gene loss effects, selection likely promotes convergent evolution of these genes to single-copy status across angiosperms.
In agreement with previous work on single-copy genes (8, 9, 43-45), we found this set of genes not to be a random fraction of the genome but to encode housekeeping and other essential functions, as suggested by their functional enrichment, conservation throughout the eukaryotic tree, and expression breadth. Striking is the overrepresentation of genes targeted to the chloroplast and genes functioning in DNA repair and replication. As for the former, Duarte et al. (7) observed a similar overrepresentation for a set of single-copy genes identified in four angiosperm genomes. The overrepresentation of DNA repair and replication genes is in line with previous findings that cancer "caretakers"-that is, genes that are involved in maintaining genome stabilityare often ancient singletons in the human genome (44) . This remarkable congruence of different studies (7-9, 43, 44) , based on different species and different methods, on the involvement of single-copy genes in ancient, well-conserved processes suggests that this is a robust pattern. Hence, it can be argued that singlecopy genes form a well-conserved core that is sensitive to either mutation or duplication. In contrast, we observed that other highly conserved proteins, such as ribosomal proteins, are not biased toward singleton status. In addition, high duplicability of conserved genes was observed in vertebrates (9), yeast (39) , and Paramecium (35). Hence, conservation alone seems not to be a sufficient explanation for single-copy status. Below we present hypotheses that might explain why genes would be preferentially retained as singletons.
First, single-copy genes might be dosage balance sensitive; that is, it is important that they are maintained in the correct relative dose because an increase in copy number might unbalance their interactions with other proteins within the cell (Fig. 4, Upper) . We indeed observe that many of the single-copy genes encode subunits of protein complexes, such as the photosynthesis light harvesting complexes, the chloroplast NADH dehydrogenase complex, the Origin Recognition Complex, and the switch/ sucrose nonfermentable (SWI/SNF) chromatin remodeling complex. However, previously it was suggested that duplication of dosage-sensitive genes is tolerated in case of WGDs, as such events duplicate entire complexes and pathways and hence conserve the stoichiometric relations among the individual gene components (3, 16, (46) (47) (48) (49) (50) (51) (52) . The genes identified in our analysis are, in contrast, duplication-resistant under both SSDs and WGD scenarios. A variant of the dosage balance hypothesis might, however, still apply to single-copy genes that encode proteins involved in organellar processes such as photosynthesis, one of the clearly overrepresented functional classes in our analysis, as was also suggested by ref. 47 . Many of the photosynthesis-related processes and protein complexes are mosaics of nuclear-and chloroplast-encoded proteins, and communication between the nuclear and chloroplast genome is tightly regulated to maintain balance between proteins encoded by the separate genomes (53, 54) . WGDs only duplicate the nuclear genome and not the organellar genomes, which might upset the stoichiometric balance between the nuclear-and organelle-encoded subunits or might disrupt the intricate signaling that exists between nucleus and chloroplast. On the other hand, it has been observed that the number of chloroplasts increases with ploidy level (55, 56) . Hence, it is possible that the ratio of nuclear-encoded genes versus chloroplast-encoded genes remains relatively constant following WGD, in which case WGD would not result in an imbalance. However, the exact effects of WGD on the nuclear/ chloroplast gene dosage ratio remain to be ascertained.
Alternatively, duplication of some genes might not be tolerated because mutations in one of the copies produce dominant-negative phenotypes (55) (56) (57) ; that is, the expression of the mutant variant disrupts wild-type function when occurring simultaneously in one cell (Fig. 4, Lower) . In this case, because duplications increase the mutational target, there might be selection for removal of the extra gene copy such that it cannot acquire dominant-negative mutations. Several of our observations are indeed in support of this hypothesis. First, we observe a high sequence conservation for single-copy genes, which suggests that most mutations in these proteins are detrimental. This is further substantiated by the observation that single-copy genes are involved in processes essential for plant viability, such as photosynthesis and DNA damage response, and that mutants of single-copy genes produce strong phenotypic effects. Secondly, different single-copy genes encode subunits of protein complexes (see above), which are especially prone to dominantnegative mutations because it might result in wild-type proteins being trapped in inactive protein complexes due to binding with mutant subunits or the production of toxic aggregates (41, 55, 56) . Hence, although the gene balance and the dominant-negative effects hypotheses might produce similar effects in certain instances (e.g., a reduction in active protein complex levels), the underlying mechanisms and the predictions they make are different. Noteworthy, according to Herskowitz (56) , large protein complexes, such as the DNA replication machinery, are especially sensitive to dominant-negative effects. In contrast to the mainstream version of the aforementioned dosage balance hypothesis, the dominant-negative hypothesis may help explain why dosage-sensitive single-copy genes are also preferentially lost after WGD. In contrast, others suggested that genes sensitive to dominant-negative effects are generally retained in duplicate after WGD (35, 57) , based on the fact that pseudogenization would involve the accumulation of mutations that could lead to such effects. We propose that the expression of one of the duplicates may also rapidly be silenced epigenetically or through permissible mutations in the promoter region, so that it can pseudogenize without deleterious effects.
In the absence of large-scale experimental studies that, for instance, investigate the effect of gene overexpression (dosage balance hypothesis) or heterozygosity (dominant-negative effect) of single-copy genes on organism phenotype, it is hard to establish with certainty the underlying mechanisms that might explain the deleterious effects of duplication in a defined set of genes. Nevertheless, with this study we hope to have shown that there exists a substantial number of genes for which duplication seems to be deleterious. Both the specific characteristics of these single-copy genes and the hypotheses put forward to explain their single-copy status will hopefully encourage further research to elucidate the evolutionary forces acting on these genes.
Materials and Methods
Full Methods. Details regarding the simulation study and functional and evolutionary characterization of single-copy genes can be found in SI Appendix.
Obtaining Single-Copy Genes. We extracted all OGs constructed for 17 angiosperm genomes and seven outgroup species from the PLAZA 2.5 database (21) . These OGs were constructed using OrthoMCL and augmented with all TribeMCL families in the PLAZA database that did not show overlap with the OrthoMCL families. Single-copy OGs were defined as those with copies present in at least 15 out of the 17 genomes and with duplicates in maximum three species. Afterward, as an independent verification of single-copy status, the OGs were expanded with genes from three additional angiosperm genomes (SI Appendix, section SI1).
To validate the single-copy status of each of the obtained single-copy OGs, we expanded each of these OGs with the best BLAST hits that were not included in the OG. To this end, for each species in the OG, the two topscoring (E-value) reciprocal best BLAST hits not in the OG, obtained from an all-against-all BLASTP analysis, were selected. For each OG we analyzed the topology of the corresponding rooted gene tree (created as described in SI Appendix, section SI2). For this we only considered trees with a multiple sequence alignment (MSA) length exceeding 100 amino acids, as for other trees the bootstrap support of the branches was often too low. Ideally, in these trees the genes in the original PLAZA OG all cluster together, with the expanded BLAST hits being outparalogous to the original OG genes (SI Appendix, section SI2 and Fig. S3 ). However, this is often not the case, and hence tree topologies were analyzed in more detail. For each gene tree we identified the subtree that contained a high coverage for OG genes and a low coverage for BLAST hit genes. To identify this subtree we introduced the "purity measure," which at each node compares the number of OG genes to the total number of genes (including both OG genes and BLAST hit genes) in the subtree: Fig. 4 . Two hypotheses to explain single-copy status. (Upper) The dosage balance hypothesis, which predicts that stoichiometric imbalance among protein complex subunits is harmful. WGD ensures that relative ratios among subunits are maintained, whereas this is not necessarily the case for SSD (e.g., when the white subunit is duplicated). (Lower) The dominant-negative mutation hypothesis, which can explain single-copy status under both scenarios of SSD and WGD. In this hypothesis, gene duplication can result in an extra mutational target, in which mutations can occur that interfere with wild-type function. This is, for instance, possible if a mutation occurs in a protein complex subunit, in such a sense that protein interaction capabilities are maintained and hence the mutant protein competes with the wild-type protein for forming complexes. the number of BLAST hits in the subtree. In a breadth-first traversal of the tree topology, the subtree with the maximal purity-score, further referred to as the "core set," was retrieved. Only subtrees that contained at least 85% of the OG genes were considered. By setting this threshold lower than 100%, potential mispredictions of orthology relationships by OrthoMCL could be eliminated. Next, phylogenetic profiles, detailing the number of gene copies per species, were calculated for each core set to assess whether the core set conformed to the initial criteria for (mostly) single-copy families: duplicates for maximum three species and missing copies for maximum two species. For further downstream analysis, the genes within each OG were replaced by the genes in the core set obtained from the associated phylogenetic tree. The pipeline for this analysis was programmed in Perl, using the Bio::Phylo package (58), and is available upon request.
